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Recombination f Ions produced by RO,~tgen Rays. 
Internal Pressure of Liquids at 0 ~ C. 
Substance. 
. . . .  . . . . . . . . . . .  - -  
K in atmos.  
Chloroform . . . . . . . . . . . . . . . . . .  
Carbon tetrachlorido ...... i 
Carbon disulphide . . . . . . . . .  
Acetone . . . . . . . . . . . . . . . . . . . . . . . .  
:~r . . . . . . . . . . . . . . . . . . . . . . . .  
Cymene . . . . . . . . . . . . . . . . . . . . . . . .  
Xylene . . . . . . . . . . . . . . . . . . . . . . . .  
Toluene . . . . . . . . . . . . . . . . . . . . . . . .  
Benzene . . . . . . . . . . . . . . . . . . . . . . . .  
Ethyl  acetate . . . . . . . . . . . . . . .  
1932 
2780 
2518 
2917 
3188 
12645 
2718 
2815 
2847 
2639 
2466 
65 
It will be seen that the values of K obtained by this method 
are approximately double of those previously given. This 
in itself is not sufficient to discriminate between the two 
possible meanings to be attached to 1. In an associated liquid 
/--in either of its significations--may be no measure of K 
at all. 
It is still an open question, therefore, whether in calcu- 
lating internal pressures from latent heats, one should employ 
the latent heat of vaporization of 1 c.c. of the liquid or the 
latent heat of expansion of the liquid itself. 
v i i .  The Recombination f Ions produced by Rsntgen Rays. 
By S. J. PLIMPTOZ~, Ph.D., Yale University *.
W ~ttEN a gas is exposed to the continued action of RSntgen rays the number of ions contained in a 
unit volume of the gas does not go on increasing indefinitely 
because of the electrostatic field associated with the ions. A 
continuous diffusion takes place from the region of maximum 
ionization, and in addition oppositely charged ions recombine 
under their attractive forces. The process of diffusion is a 
relatively slow one, and with properly designed .app.aratus 
may be disregarded in measuring the changes in mmzation 
due to recombination. 
According to the accepted theory of ionization in gases, 
the rate of change of the number of ions of either sign per 
unit volume is proportional to the square of this number ;
that is, 
dn 
3-t = , . . . . . .  ( z )  
where a is a constant known as the coefficient of recom- 
bination and is independent of n. 
* Communicated bythe Author. 
.Phil. Mag. S. 6. Vol. 25. No 145. Jan. 1913. F 
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66 Dr. S. J. Plimpton on the ltecomblnatlon oj
This law of recombination has been shown by several 
experimenters to hold good to a high degree or' approxi- 
mation. 
In the early experiments of Rutherford* and of McClungt 
the gas was confined in a closed metal chamber provided with 
an aluminium window for admitting the rays. Inside the 
vessel were two parallel metal plates, one of which was 
connected with a source of potential and the other with an 
electrometer. 
Under the action of the rays the gas between the electrodes 
was ionized until a steady state was attained, when the 
ionization was balanced by diffusion and recombination ; 
the rays were then switched oit, and the charge remaining 
in the gas at definite times after the cessation of the rays 
was then determined. A pendulum interrupter was pro- 
vided, so that this time-interval could be varied at will. In 
this manner corresponding values of n and t were obtained, 
and were found to agree satisfactorily with the relation 
1 1 
. . . .  . . . . . . .  
n n o 
which is obtained immediately by integrating equation (1), 
n o being the number of ions per cubic centimetre present in 
the gas when the steady state has been established, and 
n being the corresponding number after the ions have been 
allowed to recombine for a time t. 
Another method was also employed by ]~IcClung $ to 
demonstrate he validity of the law of recombination, and 
was used by him to determine an absolute value of the 
coefficient a. The saturation current was measured while 
the rays were acting, a strong electric field being maintained 
between the electrodes. From this observation the nmnber 
of ions (q) produced per cubic centimetre per second in the 
gas was determined in arbitrary units. The electric field 
was then withdrawn, and the rays were allowed to act until 
a steady state of ionization was produced ; this is expresser 
by the equation 
q,-~ vtn ~, . . . . . . .  (3 )  
where n denotes the number of ions of either sign present 
per cubic centimetre in the gas when the steady state has 
been reached. The rays were then cut off and a strong 
Rutherford, Phil. Mag. xliv. p. 422 (1897). 
~" McClung, Phil. Mag. xiii. p. 283 (1902),, 
$ Zoc. 6t. 
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Ions produced by R6ntgen Rays. 67 
electric field immediately applied sufficient o drive over to 
the electrodes all the ions remaining in the gas. 
By measuring the charge given to the electrode, n was 
determined. The determination of both q and n sufficed to 
afford an absolute stimation of a. 
Rutherford +and Townsend t made use of another method 
for verifying the law of recombination. The saturation 
currents were measured at different parts of a tube through 
which ionized air was streaming. These currents give the 
values of n at the place of observation ; and if the rate of 
flow of the air is determined, and the distance from the 
region where the ions are formed is known, the series of 
values of n corresponding to different ime-intervals can he 
plotted. This method can be employed only when the gas 
used is available in large quantities. 
Langevin :~ has shown that the coefficient of recom- 
bination a is capable of being expressed in the following 
form : 
where e denotes the charge on the ions, kl and k~ the ionic 
mobilities, i.e. the velocities with which the positive and 
negative ions respectively move under unit electrostatic 
field, and e is a number which is less than unity. According 
to the theory of Langevin, e represents the ratio of the 
number of collisions between oppositely charged ions which 
result in recombination to the total number of collisions : in 
this theory it is assumed that the ions move under their 
mutual attractions, tbllowing the same law and with the 
same mobilities as if they moved under the influence of an 
externally impressed field. The following method was 
devised by Langevin for the experimental determination 
of e. The gas between the two parallel plate electrodes was 
ionized by a single flash of very short duration from a 
RSntgen-ray bulb; the ions are regarded as being ibrmed 
uniformly in layers parallel to the electrodes, although the 
density of ionization may vary from one layer to another. 
The charge communicated to the electrodes for electric 
fields of different intensity is measured by an electrometer ; 
the electric field between ~he plates is in general chosen 
very small, so that appreciable recombination may take 
place during the passage of the ions through the gas. The 
*Zoc. cir. 
+ Townsend~ Phil Trans. 1899, A, p. 157. 
1: Langevin, Ann. de Chim. et de _Phys. xxviii, p. 289 (1903). 
F2  
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68 Dr. S. J. Plimpton on the Recombination of 
charge Q brought over by a field X is given by the 
formula 
S (1+ @~) ,  Q = ~ log 
whore Q0 is the charge corresponding to a field of sufficient 
intensity to prevent appreciable recombination. 
Applying this method, and making use of the previously 
determined values of kl and k~, Langevin found that the 
values of a showed a considerable falling off when the air- 
pressure was reduced below one atmosphere; whereas the 
experimental results obtained by McClung*, who used 
the method described above, had assigned a value to a 
which was practically independent of the pressure below 
one atmosphere. This discrepancy was almost certainly 
due to the abnormally large corpuscular radiation which 
proceeded from the electrodes in McClung's experiment 
when the RSntgen rays were acting. 
It is convenient to indicate here briefly three main sources 
of error which are liable to occur in the course of experi- 
mental work on this subject : 
(1) Diffusion of the ions. 
(2) Presence of corpuscular radiation proceeding from 
the electrodes. 
This gives an abnormally high density of 
ionization ear the plates, rhaking the value of a 
greater than for a uniform distribution The 
error becomes greater as the pressure is reduced. 
(3) Variations in the intensity and penetration of the 
RSntgen rays duo to continued working of the 
bulb. 
The method adapted in the present series of experiments 
reduces these sources of error to a minimum. It consists 
essentially in ionizing the gas between two parallel plate 
electrodes as uniformly as possible by means of a single 
flash from a RSntgen-ray bulb, allowing the ions thus 
produced to recombine in the absence of any external field 
for small intervals of time which can be regulated and 
determined mechanically, and by the sudden application of a 
strong electric field driving over to the electrodes those ions 
which remain in the gas. In this way we obtain a series of 
values of n corresponding to different values of t, and values 
* Zoc. cir. 
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Ions produced by R6utgen Rays. 69 
of a are then determined for different conditions of gas- 
pressure by means of a variation of equation 12) which is 
indicated below. 
This method is believed to have the following advantages : 
(1) By using radiation of smaller intensity and by 
shortening the time-intervals, the effect of diffusion 
is greatly reduced. 
(2) By restricting the beam of rays between the 
electrodes diffusion is further reduced and corpus- 
cular radiation practically removed. 
(3) By the use o~ single flashes of X-rays the difficulty 
of maintaining uniformity in the rays is greatly 
lessened. 
(4) Since the duration of the flash is very brief, it is 
possible to study the initial stages of recom- 
bination. 
In connexion with (4) it is worthy of mention that in 
previous investigations no information has been afforded 
with regard to the initial stages of recombination. In a 
steady state of ionization, ions of practically all ages are 
present, diffusion has become very appreciable xcept in the 
case of the ions of recent formation, and the ionization is 
necessarily very intens% so that, on the whole, a prac- 
tically uniform distribution of the ions prevails at the instant 
when the rays are cut off. 
With single flashes of Riintgen rays the case is different. 
At the instant when the flash has ceased the ions are 
approximately all of the same age, and diffusion has been 
practically inoperative ; so that any peculiarity in the initial 
distribution of the ions is capable of being detected by expe- 
rimental observation. Such an initial effect has made itself 
manifest in the present series of experiments, and will be 
described later. 
_Preparation of Gases and Vapours. 
The carbon dioxide gas used in these experiments waa 
obtained in the usual way by the action of hydrochloric acid 
on marble iu a Kipp generator. The sulphur dioxide was 
taken from a cylinder of the compressed gas. The vapours 
were evaporated in each case from the liquid as supplied by 
the chemist. In all cases, before admitting the gas or 
vapour, the apparatus was pumped out to a few millimetres 
of mercury. The substance to be tested was then let in 
until the greatest allowable pressure was reached, and then 
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70 Dr. S. J. Plimpton on the Recombination J 
pumped out as before. This process was repeated at least 
three times. 
Great care was taken in every case to make the gas or 
vapour dust-free, by passing it through several inches of 
glass-wool and then allowing it to settle for several hours. 
The gases were dried by passing slowly through a tube 
containing phosphorus pentoxide, and the vapours were 
bubbled through sulphuric acid when necessary and were 
always passed through a calcium-chloride rying-tube. 
Description of Apparatus. 
The general arrangement of apparatus i shown in fig. 1. 
The ionization chamber K is lined with aluminium and pro- 
vided with two parallel plate electrodes A and B of alu- 
minium~ the latter being surrounded by a guard-ring C 
Fig. 1. 
To lo 
which is connected with the walls of the chamber. The 
insulated electrode B may be connected with an electrometer 
by means of a key D. The beam of X-rays is restricted by 
a~ljustable l ad screens, ~IM / and ~ff~1, so that it does not 
fall on the electrodes. A pendulum R is used for auto- 
matically giving the flash of X-rays by opening the key S 
and after a definite interval o[ time, applying a potential to 
the electrode A by opening the switch F, which may be 
placed at any position along the path of the pendulum. 
In order to obtain X-ray flashes of sufficient intensity it 
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Ions produced by RSntgen Rays. 71 
was sometimes necessary to interrupt a current of 25 
amperes at the key S. Although a large adjustable con- 
denser was used for suppressing the spark, considerable 
difficulty ~as experienced at first in getting uniform con- 
ditions in the induction-coil at the instant when the break 
occurred in the primary circuit. This difficulty was over- 
come by the use of a specially constructed key for breaking 
the large primary current. 
In designing keys for purposes of this sort, attention has 
usually been centered on getting a rapid motion at the 
instant of break. It was found possible to use very mode- 
rato motion provided a firm uniform pressure was maintained 
between the contacts up to the instant of breaking and 
separation of the contacts then effected without vibration 
or chattering. The most successful break was constructed 
as follows :-- 
A rigid bar armature of T section was mounted in conical 
bearings at one end and carried a platinum contact at the 
other. The complementary platinum contact was mounted 
rigidly on the same heavy case with the bearing. The key 
was closed firmly by a permanent horse-shoe magnet. The 
bearings were kept in snch adjustment hat the magnet 
could just overcome the friction at a particular position. 
The bearing screws were locked in place by another pair 
of set screws. A looseness in these bearings which was not 
sensible to the touch, would vary the electrometer readings 
from five to ten per cent. 
When this key was used with a current strong enough to 
properly excite the bulb, the flashes of X-rays produced 
ahnost perfectly uniform readings of the electrometer. 
The apparatus as a whole is operated in the following 
manner : -  
The pendulum R (referring again to fig. 1) is fastened by 
a catch, Z, at a position of maximum displacement from the 
vertical. The keys are then all closed, bringing the elec- 
trodes A and B to potential zero and closing the primary of 
the induction-coil which operates the X-rays tube. The 
key D is then opened and the pendulum quickly released 
from the catch Z. The pendulum automatically opens the 
key S, giving rise to a flash of rays which ionizes the gas 
between the electrodes in the chamber K. Since both 
electrodes are at zero potential, the ions conlinue to re- 
combine until the pendulum has opened the key F, when 
a potential is applied to the electrode A,'which drives over 
the ions of one sign remaining between the electrodes to the 
plate B. The earthing key is now opened and the key D 
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72 Dr. S. J. Plimpton on the Recombination of 
closed, so that the charge received on B may be measured 
by the electrometer. 
By taking a series of readings in this way with the key 
at different positions along the path of the pendulum, the 
relative numbers of ions remaining in the gas after definite 
intervals of tinle was obtained directly. Throughout he 
experiment, readings were frequently repeated with the 
key F in such a position that the field was applied before 
the flash occurred in order to detect any lack of uniformity 
in the action of the apparatus. 
Calibration of Pendulum. 
In order to ascertain the time intervals during which the 
ions were allowed to re-combine when the switch which 
applied the field to the gas was placed at various positions 
along the path of the pendulum, the following method was 
used : -  
The switches S and F which applied the X-ray flash and 
the field respectively, were connected as shown in fig. 2. 
Fig. 2. 
% 
R I __ 
I B 
Both switches were initially closed and tile double pole- 
switch A was closed at CD, putting a standard condenser 
B in series with the switches S and F. The pendulum was 
th~n released, opening the switch S, and thus permitting a 
storage-cell E to charge the condenser through a known 
high resistance, R. The charging continued until the 
pendulum opened the switch F which breaks the charging 
circuit. The condenser was then allowed to discharge 
through a galvanometer by closing the double throw- 
switch A in the opposite direction. 
The time required by the pendulum to swing from the 
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Ions produced by R6ntgen Rays. 73 
switch S to the switch F was then computed by means of the 
formula 
t= -- log e 
where 
C--capacity of condenser ; 
q--charge received by condenser as measured by a 
ballistic galvanometer ; 
E = potential of battery ; 
e-----base of Naperian logarithms; 
R----resistance in charging circuit. 
The values of t obtained in this way were also checked by 
means of a chronograph. 
The duration of the flash was obtained as follows : -  
In fig. 3 is shown the induction-coil, X-ray tube, and keys 
S and F, as in fig. 1, except that the key F is disconnected 
0 
Fig. 3. 
? 
I 
entirely from the potential battery system and put in parallel 
with a spark-gap Q, which is in series with the secondary of 
the induction-coil and X-rays tube. Q is a brass connector 
between the two halves of the secondary coil and connected 
also to the primary coil for protection to insulation. This 
brass connector was removed from one binding screw to a 
distance of 0"5 millimetre. 
Since the connector Q is in series with the X-ray tube, a 
spark will occur at Q simultaneously with the flash in the 
tube unless the contacts of the key F are closed or so nearly 
closed that the discharge takes place at F instead of at Q. 
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74: Dr. S. J. Plimpton on the Recombination of
I f  when the discharge occurs the key F is closed or opened 
to a greater distance, no spark will be seen at F. A spark 
is seen at F only when the key F is so situated in the path 
of the pendulum with regard to the key S that the contacts 
of the key F are separated by a distance less than 0"5 milli- 
metre and greater than 0 millimetro during the flash of 
X-rays. If  it opens near the beginning of the flasb, only a 
small spark will appear since the discharge potential has not 
then attained its maximum, so that when the key has opened 
only a short distance, the resistance becomes too great and 
the spark ceases. On the other hand, if tile key F begins 
to open so near the end of the duration of the discharge that 
when its contacts have separated only a very small distance, 
the discharge has ceased, then again only a small spark will 
be observed. By placing the key F at different positions 
relative to S, it was found that the discharge in the X-ray 
tube began practically simultaneously with the opening of 
the key S, increased to maximum and then fell to zero, 
the total duration of the flash being 0"0035 second. The 
limiting position of the key F at which the discharge ceased 
could be determined within a distance corresponding to 
0"0001 second. 
The calibration of the pendulum, as determined by the 
condenser method described above, was corrected for the 
time occupied by the flash by subtracting 0"0015 second 
from each value. It was necessary to know the total 
duration of the flash accurately also for a special experiment 
to be described. 
_Preliminary Experiment. 
In order to ascertain the effect of secondary and corpus- 
cular radiation from the electrodes A and B of fig. 1, the 
lead screens MM: and •N: were removed, allowing the 
RSntgen rays to fall on A and B as well as in the space 
between them. The plate A was charged continuously to 
160 volts. Air was introduced into the chamber K and a 
series of deflexions noted for dii~erent pressures using single 
flashes of X-rays of constant intensity. The air was then 
pumped out and similar readings taken for hydrogen. The 
results are plotted in fig. 4, where the abscissm represent 
pressure in millimetres of mercury, and the ordinates electro- 
meter readings in scale-divisions. It will be seen that each 
curve beginning at the left has a marked curvature but 
eventua]ly becomes a straight line, and that these two 
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Ions produced by R6ntgen Rays. 75 
straight lines if produced will intersect the vertical axis 
m a common point. 
From this it is concluded that the air curve OAB is the 
sum of two curves OCD and OE, where OE is parallel to 
PB and OCD approaches a line through PD parallel to 
the pressure axis. In a similar way the curve OFG is the 
Fig. 4. 
J 
J 
. J  
z 
j J 
,~  ~, ~/ /  
~(S ~_ . . . .  - J  . . . . . . .  . z ~  - 
200 
/ 
, j  i 
J / 
Z I  
J / 
12C 
D 
~00"" - -  pRt~URC 
sum of the curves 0 J  parallel to PG and 0HD,  which also 
approaches PD. Curves 0E  and 0 J  are due to ionization 
produced by the RSntgen rays in the gas, and the curves 
OCD and OHD are due mainly to corpuscular radiation 
from the plates which is completely absorbed at a definite 
pressure. After replacing the lead screens MM ~ and 1~1~  
so as to confine the X-rays between the electrodes A and B, 
the series of readings was repeated and found to give the 
straight lines OE and OJ. Throughout the rest of the 
investigation the rays were restricted between the electrodes 
so as to avoid corpuscular adiation. 
Experimental .Results. 
There is reason to believe that certain peculiar conditions 
are present in the initial stages of recombination. On this 
account it was thought advisable not to use formula (2), 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ite
 L
av
al]
 at
 02
:31
 27
 Ju
ne
 20
16
 
76 Dr. S. J. Plimpton on the Recombination of 
which involves the number of ions initially present, but to 
modify the formula in the following manner :-- 
dt 
In this way the determinations of a are rendered independent 
of the initial conditions. 
Fig. 5. 
N ~ ' Ca t-15 C! Ioo ~ 
.o l~ ~..,........_.~  
A IR 411 ~ 
' aHs)z 0 95 ~ 
/ / "  
+.~....+++~ ~ x / / .~  ':AIR -++o -,+' 
5 02 ,oo  ~-  
A B o.s C 0.2 13 o.5 $~c E" 
In fig, 5 the reciprocals of the deflexions are plotted for 
the various time intervals, The slope of these curves should 
be proportlona] to a, 
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Ions produced by RSntgen Rays. 77 
For short intervals of time, however, there is a marked 
curvature indicating that a is relatively large for the initial 
stages of recombination, but diminishes, becoming in most 
cases nearly constant for t greater than about one-third of a 
second. The curve for air is nearly straight at the end. Ill 
the case of carbon dioxide the curve is surprisingly steep at 
the end, indicating a very large value of a as compared with 
air, and one would suppose that it must ultimately become 
more nearly horizontal. It was therefore desirable to further 
extend the curve for air and carbon dioxide. In order to do 
this the pendulum was arranged to operate the keys on the 
return stroke. A key operated by hand was put in parallel 
with the key which applied the field and held down by hand 
until the pendulum was approaching the latter on the return 
stroke. The pendulum key was then quickly closed and the 
hand key released. 
In this way it was possible to extend the air and carbon- 
dioxide curves to t=1"06 seconds. The air curve was found 
to bend very little more, but the carbon-dioxide curve became 
finally only a little steeper than the air curve. 
Discussion o) ~ Results. 
The high initial values of a and the subsequent falling off 
of its value, first rapidly and then more slowly, may be 
explained as follows : -  
If we suppose the action of RSntgen rays is the liberation 
of rapidly moving electrons from the gas molecules, which 
in turn liberate slow moving electrons from molecules in their 
path, thus ionizing them, one would expect the ions to be 
segregated in the path of the rapidly moving electrons as 
shown by C. T. R. Wilson's cloud experiment. This would 
make the value of ~t greater than for a uniform distribution 
of ionization and as a result of diffusion the value of a would 
slowly diminish. This would probably not account for the 
very high initial values of a. It has been found * that the 
B particle produces on the average only about 67 ions per 
centimetre oE path. As a rule, therefore, there must be a 
very large number of molecules between the.n, and the 
distance between the two ions constituting an initial pair 
would be in general ess than the average distance between 
the ions strewn along the path of the ~ particle. 
If a similar condition exists in the case of ionization by the 
electrons expelled under the action of X-rays, there would be 
a relatively great probability of collision between the positive 
9 Geiger and Kovarik, Phil. Mug. (6) xxii. p. 604 (1911). 
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78 Dr. S. J. Plimpton on the Recombination oj
and negative ions which are close together giving the large 
initial values of a. 
Comparing the curves of fig 5 for air and carbon dioxide 
at 760 millimetres, it will be seen that for both gases the 
high initial values of a are indicated by the steepness of the 
curves for short intervals of time, but that the air curve 
becomes linear at about one-third of a second, while for carbon 
dioxide the curve is very steep at this point, suggesting that 
it has probably not reached its final value. When the two 
curves were extended further, it was found, as stated above, 
that the air curve remained almost linear but that the carbon- 
dioxide curve became almost parallel with the air curve after 
about wo-thirds of a second. This result is in accord with 
the supposition that the variations in a are due to a non- 
uniform distribution of the ions produced by R5ntgen rays. 
Since carbon-dioxide ions diffuse only about one-half as 
quickly as the ions of air, the final effectively uniform 
distribution in which a becomes constant would be reached 
in carbon dioxide after about wice the time required in the 
case of air. 
The Absolute Value @a. 
In order to ascertain the absolute value of a at any time, 
it is necessary to know the number of ions present in the gas 
per unit volume. If the ions are distributed non-uniformly 
as indicated by these experiments, the rate of' recombination 
at any instant would not be uniform throughout the volume 
but would vary according to the density of the ions. I f  the 
distribution of the ions were known so that ~n average 
density for the total volume of the gas ionized could be 
computed by integration, it might be proved that a does not 
vary with the time. Since this datum is not available, the true 
absolute value of a cannot be computed. In the following 
table, the effect of a non-uniform distribution of the ions is 
disregarded and a is computed as if the ions were distributed 
uniformly by using the equation, 
1 1 
. . . .  ~ , ( t~- t , ) .  
It is obvious that the values of n~ and n 1 obtained in this way 
will be too small, since when the ions are segregated they do 
not properly occupy the entire volume between the electrodes, 
but only a small part of that volume. The absolute values of 
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Ions produced by R6ntgen Rays. 79 
a .given in this way are therefore much too large, but diminish 
with the time during which the ions are allowed to recombine 
and diffuse, since the tendency of diffusion is toward a 
uniform distribution. 
The values given were obtained as follows : -  
If 
q=the charge which causes electrometer deflexion 
of l mm.; 
e=the charge carried by the electron; 
D=the electrometer det]exions; 
n=the number of ions per unit volume; 
V=the total volume of the gas ionized; 
1 Ve 
or  r 
n qD' 
a= t2--t, -- q(t~--t l ) \D~ I)a ~-- ~- - t -~  "\]~z ]fit " 
In computing the volume V a correction was made for the 
distortion of the field between the electrodes due to the 
charge induced by the field on the insulated electrodes. 
This was obtained by first applying the usual field while the 
electrometer electrode was earthed. The earthing key was 
then opened and a flash of X-rays applied giving a reading 
of the electrometer D'. 
The process was then repeated in the same way except hat 
the electrometer lectrode was insulated before the field was 
applied, thus receiving an induced charge which distorts the 
field. In this instance, therefore, a smaller reading D" was 
obtained owing to the distortion of the field. The corrected 
value of V was obtained by measuring the volume subtended 
D lr 
between the electrodes and multiplying this by the ratio D- w . 
The following table gives the average values of a (where 
e 
e is the charge carried by the electron) between the successive 
pairs of points A, B, C, D, E of fig. 5. 
In the case of the gases air and carbon dioxide, the curves 
were extended to a point F where t= 1"06 seconds. 
then 
qD ~- nVe 
therefore by equation (2) 
1 1 
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80 Recombination f Ions produced by R6ntgen _Rays. 
Absolute Values of e" 
O~s or Pressure Vapour. 
dr ......... i 768 
411 
ibm'":::::: ~6o 
~) ...... 382 
. . . . . . . .  
JH~I .. 28 
,~2I~5C1 ...] 100 
12H~Br ... 28 
~J~)~O... I 95 
A--B, 
11540 
7150 
10000 
75O0 
12500 
4400 
1560 
3440 
4100 
2380 
4400 
2- -0 .  
6100 
4580 
7640 
3560 
1270 
2540 
4070 
2200 
4O70 
O-D 
4680 
3280 
6700 
5610 
5150 
29O0 
1160 
12t0 
2870 
1850 
3700 
D-E~ 
4600 
2820 
65~ 
5310 
46~ 
2830 
1060 
1170 
2830 
1440 
3180 
E--F 
3960 
4880 
E]ect of a Field on, the Ionization. 
In order to ascertain the effect of an impressed field upon 
the ionization, a potential of sixteen volts was applied to the 
gas during the flash of X-rays and removed immediately after 
the cessation of the flash, the recombination then being 
measured in the usual way.  
The result is shown in curve X of fig. 5 for the case of 
air at 760 millimetres pressure. Comparing ibis with the 
corresponding curve for air without the application of this 
field during the flash, it will be seen that the final slope is not 
changed noticeably but that the initial slope is lessened. 
This result is in accord with the explanation of initial 
recombination given above. The positive and negative ions 
in the initial pairs would be separated more widely by the 
field and the probabilities of collisions between them would 
be reduced, giving a lower value of a. 
Conclusions. 
(1) The recombination of ions takes place approximately 
in accordance with the law 
dn 
dt 
provided that sufficient time has elapsed to enable an effectively 
uniform distribution of the ions to be established in the gas. 
(2) When a is determined by considering a certain volume 
of ionized gas as a whole without regard to the distribution 
of the ions, a as given in the above expression is not a 
constant but has an initial maximum value, and approaches 
its final constant value at first rapidly and then more slowly. 
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Stability of Flow of an Incompressible Viscous Fluid. 81 
(3) An explanation of this effect is suggested, based on the 
assumption of a non-uniform distribution of the ionization 
produced by RSntgen rays, the final values of = corresponding 
to an effectively uniform distribution. 
(4) The value of = is shown to fall off as the pressure of 
the gas is reduced. 
I wish to express my gratitude to Prof. E. M. Weliiseh 
for suggesting these experiments, and for his very helpful 
interest throughout the work. 
Sloane Laboratory, 
Yale University. 
August, 1912. 
VII I .  The Stability of Flow of an Incompressible Viscous 
.Fluid. By Professor A. H. GIBSOn, A).Se., University 
College, .Dundee *
A S a result of experiment Osborne Reynolds t concluded that the conditions tending to stability of flow, i. e. to 
stream-line as opposed to sinuous flow, of an incompressible 
viscous fluid are : - -  
(1) Free (exposed to air) surfaces. 
(2) Converging boundaries. 
(3) Curvilinear motion with the velocity greatest at 
the outside of the curve. 
(4) An increase in viscosity. 
(5) A diminution in density. 
From an examination of the equations of motion he also 
showed ~: that, conditions (4) and (5) might be predicted 
from theoretical considerations. 
As regards conclusion (3)," recent experiments by the 
author w indicate that for increased stability in curvilinear 
motion the greatest velocity should be at the inside, not at 
the outside of the curve, and the object of the present paper 
is to point out that this, as well as the truth of conclusions 
(1) and (2), might also be inferred from the general equations 
of motion. 
9 Communicated by the Author. 
t Prec. Royal Institution of Great Britain, 1884. 
:L Phil. Trans. 1883. 
w Memoirs Manchester Lit. and Phil. Soc. vol. lv. (1910-1]), it. 
Phil. May. S. 6. Vol. 25. ~No. 145. Jan. 1913. G 
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